Cardiolipin (CL) is an anionic phospholipid with a dimeric structure predominantly localized in the mitochondrial inner membrane, where it is closely associated with mitochondrial function, biogenesis, and genome stability (Daum, 1985; Janitor and Subik, 1993; Jiang et al., 2000; Schlame et al., 2000; Zhong et al., 2004) . Previous studies have shown that yeast mutant cells lacking CL due to a disruption in CRD1, the structural gene encoding CL synthase, exhibit defective colony formation at elevated temperature even on glucose medium (Jiang et al., 1999; Zhong et al., 2004) , suggesting a role for CL in cellular processes apart from mitochondrial bioenergetics. In the current study, we present evidence that the crd1Δ mutant exhibits severe vacuolar defects, including swollen vacuole morphology and loss of vacuolar acidification, at 37°C.
INTRODUCTION
In eukaryotes, the anionic phospholipid cardiolipin (CL) and its precursor phosphatidylglycerol (PG) are synthesized and localized exclusively in the mitochondrial inner membrane (Hoch, 1992; Schlame et al., 2000) . In the yeast Saccharomyces cerevisiae, the biosynthesis of CL requires three sequential reactions performed by phosphatidylglycerolphosphate synthase (encoded by PGS1), phosphatidylglycerolphosphate phosphatase, and CL synthase (encoded by CRD1) (Gu et al., 2002) . The fatty acyl species of CL are remodeled by taffazin (TAZ1) . The specific association of CL with individual mitochondrial proteins and complexes is important for their optimal function and structural integrity. Dissociation of CL from these proteins results in inactivation of the complexes and/or decrease of the protein activities, underscoring the important role of CL in mitochondrial function (Yu and Yu, 1980; Drees and Beyer, 1988; Robinson et al., 1990; Hayer-Hartl et al., 1992; Beyer and Nuscher, 1996; Gomez and Robinson, 1999; Sedlak and Robinson, 1999) .
The last several years have witnessed an increase in studies utilizing yeast mutants altered in CL synthesis and remodeling to elucidate the functions of the CL pathway. The importance of CL remodeling is becoming clearer from studies with the taz1∆ mutant, which exhibits biochemical defects similar to those observed in the severe genetic disorder Barth syndrome (BTHS), in which tafazzin is mutated. Loss of tafazzin in yeast and human cells leads to defects in CL metabolism, including aberrant CL fatty acyl composition, accumulation of monolysocardiolipin (MLCL) and reduced total CL levels (Vreken et al., 2000; Schlame et al., 2002; Valianpour et al., 2005) . The yeast taz1∆ mutant also exhibits ethanol sensitivity at elevated temperature, perturbation of coupling and respiratory control, and increased protein carbonylation during respiratory growth conditions (Gu et al., 2004; Ma et al., 2004; Chen et al., 2008) . The crd1∆ mutant, which lacks CL, has more severe defects in growth and mitochondrial function than does the taz1∆ mutant. Mitochondria from the crd1∆ mutant exhibit reduced membrane potential, perturbed coupling, instability of electron transport chain supercomplexes and impaired protein import (Jiang et al., 2000; Greenberg, 2000, 2002; Zhang et al., 2002; Pfeiffer et al., 2003; Zhang et al., 2005) . In addition, the crd1∆ mutant in some genetic backgrounds shows a loss of viability at elevated temperature and cannot form colonies from single cells even during growth on glucose,
suggesting that CL plays an essential role in cellular function apart from mitochondrial bioenergetics (Jiang et al., 1999; Zhong et al., 2004) . The growth and viability defects of crd1Δ are not apparent at optimal temperatures, most likely because PG, which accumulates markedly in the mutant, can substitute for some functions of CL (Chang et al., 1998b; Zhong et al., 2004) . The pgs1Δ mutant, which lacks both PG and CL, has a more severe growth defect compared to crd1Δ or taz1Δ. Disruption of PGS1 results in the spontaneous loss of mitochondrial DNA (mtDNA), cell inviability at 37°C, and defective cell wall synthesis (Chang et al., 1998a; Dzugasova et al., 1998; Zhong et al., 2005; Zhong et al., 2007) . These findings indicate that anionic phospholipids play an important role not only in mitochondrial bioenergetics, but also in numerous cellular processes that are not generally associated with mitochondrial function.
Genetic studies to identify suppressors of the pgs1Δ growth defects led to the unexpected finding that loss of mitochondrial anionic phospholipids PG and CL results in perturbation of cell wall biosynthesis (Zhong et al., 2005) . Consistent with this, disruption of PGS1 leads to a defective protein kinase C (PKC) signaling pathway, decreased glucan synthesis, and an aberrant cell wall (Zhong et al., 2007) . Osmotic stabilization of the cell wall by supplementation with 1 M sorbitol can rescue these phenotypes. Interestingly, defective colony formation in crd1Δ is also rescued by 1 M sorbitol (Zhong et al., 2005) , suggesting that temperature sensitivity of crd1Δ may be due at least in part to a cell wall defect. However, the crd1Δ mutant does not exhibit increased sensitivity to cell wall-perturbing agents and contains only slightly reduced levels of glucan, indicating that the crd1Δ mutant maintains cell wall integrity, and that the accumulation of PG in crd1Δ cells satisfies the anionic phospholipid requirement for cell wall biogenesis (Zhong et al., 2007) . Therefore, the molecular mechanisms underlying suppression of temperature sensitivity in crd1Δ by hyperosmotic stress (1 M sorbitol) are not known.
Studies of global responses to hyperosmotic stress reveal that, in order to adapt to high extracellular osmolarity, yeast cells adjust expression of numerous genes and protein synthesis to maintain or reestablish cellular functions (Varela et al., 1992; Blomberg, 1995; Norbeck and Blomberg, 1996; Posas et al., 2000; Rep et al., 2000; Yale and Bohnert, 2001) . Most likely, osmoadaptation mechanisms compensate crd1Δ for defects at elevated temperature and contribute to survival of the mutant. The initial effect of hyperosmotic stress on living cells is a rapid efflux of water (Hohmann, 2002) . The yeast vacuole plays a key role in avoiding the fatal consequences of high external osmolarity and decrease in turgor pressure. To achieve long-term adaptation to environmental variation, rapid adjustments in vacuolar volume resulting from uptake or release of water and solutes are critical in balancing cytoplasmic ion concentrations (Klionsky et al., 1990; Latterich and Watson, 1993) . Loss of regulation of ion transport across the membrane of the vacuole may create an osmotic imbalance, causing water from the cytosol to diffuse in and swell the vacuole (Efe et al., 2005) . As 1 M sorbitol contributes high external osmolarity that can affect ion homeostasis, the finding that 1 M sorbitol suppresses defective colony formation in crd1Δ provided a clue that the colony formation defect in the mutant may be due to perturbation of the vacuole.
Consistent with this hypothesis, we found that crd1Δ exhibited severe vacuolar defects at elevated temperature, including loss of vacuolar acidification and enlarged vacuolar morphology accompanied by swollen cell size. (Ali et al., 2004) . The crd1Δnhx1Δ double mutant restored vacuolar acidification, morphology and single colony formation defects at high temperature, a further indication that the crd1Δ mutant is subject to impaired cytosolic and vacuolar ion homeostasis. These studies identify for the first time the existence of a novel mitochondria-vacuole signaling pathway mediated by the synthesis of CL.
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RESULTS
Disruption of CRD1 leads to vacuolar defects at elevated temperature
Previous studies have shown that the pgs1Δ mutant forms enlarged cells with more spherical appearance and larger cell size than WT, due to cell wall defects (Zhong et al., 2005) . Supplementation with 1 M sorbitol stabilizes the cell wall and rescues growth and morphological defects in the mutant. While growth of crd1Δ is not as defective as that of the pgs1Δ mutant, crd1Δ cells cannot form colonies at elevated temperatures from single cells plated on YPD media (Jiang et al., 1999; Zhong et al., 2004) . At 36°C, only very tiny colonies of crd1Δ cells were visible on YPD plates, and cells from these colonies exhibited enlarged cell morphology (Figure 1 ). Interestingly, isogenic CRD1 rho° (WT rho°) cells did not display defective colony formation or aberrant cell morphology (Figure 1 ), suggesting that temperature sensitivity of crd1Δ is not due to defective mitochondrial bioenergetics. Although supplementation with sorbitol does rescue phenotypes of crd1Δ, crd1Δ cells do not exhibit cell wall defects (Zhong et al., 2007) .
However, rescue of crd1Δ by high osmolarity suggested that the mutant may have vacuolar defects.
To determine whether the enlarged cell morphology is due to aberrant vacuole volume, we examined vacuolar morphology using FM4-64, a lipophilic fluorescent dye that is transported into cells via the endocytic pathway and ultimately accumulates in vacuolar membranes (Vida and Emr, 1995) . A multi-lobed vacuole was observed in both WT and crd1Δ cells at optimal temperatures (Figure 2) . However, at 37°C, the crd1Δ cells contained a single un-lobed vacuole that was extremely swollen and comprised the majority of the cell volume ( Figure 2 ). The enlarged vacuole indicated that crd1Δ may be subject to defective vacuole membrane fission, thus losing osmoregulatory capabilities at high temperature.
Normally, the vacuole maintains a lower internal pH than that of the cytoplasm, and the acidic state of the vacuole plays a critical role in normal cellular functions (Mellman et al., 1986; Kane, 2006) . We used staining with quinacrine, a fluorescent weak base that diffuses across membranes and accumulates in acidic compartments (Weisman et al., 1987) 
The crd1Δ mutant exhibits decreased V-ATPase activity at elevated temperature
The acidic pH of the yeast vacuolar lumen is generated by the V-ATPase, which carries out the active transport of protons across the membrane tightly coupled to the hydrolysis of ATP (Graham et al., 2003; Kane, 2006) . We wished to determine if decreased vacuolar acidification in crd1Δ was due to defective V-ATPase activity. Vacuolar vesicles isolated from wild-type and crd1∆ mutants grown at 30°C contained similar levels of ATPase activity ( Figure 4A ), and crd1∆ vesicles did not exhibit defective proton pumping ( that the vacuolar vesicles isolated were of comparable purity, despite differences in vacuolar morphology among the strains.
We speculated that the mechanism underlying vacuolar defects in response to decreased CL may be associated with some aspect of mitochondrial function, which is perturbed in CL mutants. Temperature sensitivity and vacuolar defects in crd1Δ cells are probably not due to mitochondrial respiratory dysfunction, as WT rho° cells did not exhibit these defects (Figure 1 -2). Therefore, we hypothesized that the loss of CL may lead to defective metabolic reactions in mitochondria, which, in turn, trigger a pathway from the mitochondria to the vacuole. We addressed the possibility that the mitochondrial retrograde pathway mediated the effects on the vacuole in crd1Δ cells. In this pathway, the signaling protein Rtg2p senses mitochondrial dysfunction and transmits this signal to the transcriptional activators Rtg1p/Rtg3p, which translocate from the cytoplasm to the nucleus and activate transcription of target genes whose products replenish deficient 9 mitochondrial components (Butow and Avadhani, 2004; Liu and Butow, 2006) . To test the possibility that an overactive retrograde pathway could account for the vacuolar defects in crd1Δ cells, we determined the effects of disruption of RTG2 on mutant. As seen in Figure 5A , the crd1Δrtg2Δ double mutant formed colonies on YPD at 37°C and exhibited normal multi-lobed vacuole morphology and vacuolar acidification ( Figure 6 ). suggesting that mitochondrial retrograde regulation does not mediate the defective phenotypes in crd1Δ. Taken together, these findings suggest that Rtg2p mediates the vacuolar response to CL deficiency by a mechanism that appears to be independent of retrograde regulation.
Deletion of NHX1 suppresses vacuolar defects and temperature sensitivity of crd1Δ
As shown above, the crd1Δ mutant exhibits loss of vacuolar acidification due to decreased coupling of V-ATPase activity and proton pumping. However, acidification defects alone cannot explain the aberrant vacuolar morphology seen in the crd1Δ mutant, as V-ATPase mutants do not exhibit similar morphological defects (Wickner and Haas, 2000; Weisman, 2003) . Thus, we wished to determine the mechanism leading to defective vacuolar morphology in crd1Δ. The enlarged vacuolar morphology in the crd1Δ mutant is consistent with a loss of osmoregulatory capabilities and defective ion homeostasis. We hypothesized that perturbation of ion pumps that mediate vacuolar ion homeostasis may thus suppress vacuolar defects in crd1Δ. To this end, we constructed double mutants of crd1Δ and vcx1Δ, pmc1Δ, yvc1Δ, nhx1Δ and cch1Δ and examined vacuolar defects in the double mutants. Deletion of NHX1, but not deletion of the other pump genes, rescued both vacuolar defects and defective colony formation ( Figure 7 ).
Quinacrine fluorescence was easily visualized in crd1Δnhx1Δ, consistent with restoration of vacuolar acidification. NHX1 encodes a Na + /H + exchanger localized in the membranes of the late endosomal/prevacuolar compartment where it mediates osmotolerance and intracellular sequestration of Na + in a pH-dependent manner (Nass et al., 1997; Rao, 1998, 1999) . In addition, Nhx1p regulates vacuolar pH by transporting H + in a direction opposite to that of the V-ATPase (Brett et al., 2005) . Therefore, disruption of NHX1 may compensate for loss of vacuolar acidification in a crd1Δ mutant by reducing the loss of protons from the vacuole (Brett et al., 2005; Mukherjee et al., 2006) .
The vacuoles of the nhx1Δ and crd1Δnhx1Δ mutants were weakly stained with FM4-64 (Figure 7 ), consistent with previous reports that the loss of Nhx1p leads to decreased vacuolar staining with this dye (Bowers et al., 2000; Brett et al., 2005) . The vacuolar morphology of the crd1Δnhx1Δ double mutant was similar to that of wild type, indicating that nhx1Δ suppressed the swollen vacuole morphology of the crd1Δ mutant.
These results suggested that, in addition to a defective V-ATPase, crd1Δ exhibits aberrant vacuolar ion homeostasis. One possible explanation for restoration of wild type vacuolar morphology by nhx1Δ is that the enlarged vacuole in crd1Δ could be attributed to excessive influx of Na + through Nhx1p and an accompanying influx of water.
Calcineurin, a Ca 2+ -dependent target of calmodulin (Cyert, 2003; Kraus and Heitman, 2003) , plays a key role in adaptation to Na + stress by inducing the transition of a K + /Na + uptake system at the plasma membrane to restrict influx of Na + (Mendoza et al., 1996) , and promoting the expression of ENA1, a gene encoding a P-type ATPase Na + pump that mediates Na + efflux (Nakamura et al., 1993; Mendoza et al., 1994) . Calcineurin expression and activity are increased in response to internal Na + stress (Mendoza et al., 1996) . Interestingly, the crd1Δ mutant exhibited increased expression of the genes encoding calmodulin (CMD1) as well as the catalytic (CNA1 and CNA2) and regulatory (CNB1) subunits of calcineurin (Figure 8 , A-D). CNA1 and CNB1 exhibited the greatest increases in expression at 5.6-fold and 12-fold, respectively (Figure 8 , B and D). These findings suggest that increased calcineurin expression in response to Na + stress in crd1Δ
is required for alleviation of growth defects. Consistent with this, deletion of CNB1 exacerbated the temperature sensitivity of crd1Δ. Thus, while crd1Δ cells could form colonies at 35°C, the double mutant crd1Δcnb1Δ could not ( Figure 8E ). These findings suggest that up-regulation of expression of calcineurin (and/or calmodulin) genes may be compensatory feedback to attenuate the putative intracellular ion stress in crd1Δ.
DISCUSSION
In this study, we addressed the hypothesis that the loss of CL in the crd1Δ mutant leads to defective colony formation at elevated temperature due to vacuolar defects. Consistent with this hypothesis, the crd1Δ mutant exhibited swollen vacuole morphology, loss of vacuolar acidification, and decreases in V-ATPase activity and proton pumping in isolated vacuoles. Similarly, swollen vacuole morphology and loss of vacuolar acidification also could be observed in pgs1Δ (Supplementary Figure S1) , which supports the connection between CL deficiency and vacuolar defects. It is likely that the signaling protein Rtg2p mediates the vacuolar response to CL deficiency, as deletion of RTG2 suppresses vacuolar and growth defects in the crd1Δ mutant. The mechanism underlying these defects appears to involve perturbation of ion homeostasis, as growth and vacuolar defects could also be suppressed by deletion of the Na The presence of an enlarged vacuole accompanied by swollen cell size in crd1Δ is consistent with an osmotic imbalance. However, it is unlikely that these defects are a direct consequence of perturbed vacuolar acidification in crd1Δ, because vma (vacuolar membrane ATPase) mutants do not have these phenotypes (Wickner and Haas, 2000; Weisman, 2003) . Furthermore, although crd1Δ exhibits defective V-ATPase activity, it does not have characteristic vma phenotypes (Nelson and Nelson, 1990; Ohya et al., 1991) . Specifically, the crd1Δ mutant is not sensitive to high calcium concentrations, and the growth defect of crd1Δ cannot be rescued in medium buffered to pH 5 (Supplementary Figure S3) . More likely, the vacuolar morphology defect in crd1Δ may be due to perturbation of ion homeostasis, as nhx1Δ suppresses vacuolar defects in the mutant (Figure 7) . Suppression of crd1Δ phenotypes by nhx1Δ suggests that crd1Δ is subject to defective vacuolar ion homeostasis most likely due to excessive ion influx, 14 accompanied by a compensatory influx of water. One likely explanation is that mitochondria may be involved in regulating cellular ion levels. In the absence of CL, yeast cells are subject to excessive cellular ion influx. In response, Nhx1p sequesters more ions (Na + and K + ) and swells the vacuole. Disruption of NHX1 in crd1Δ may prevent the vacuole from being engorged with an excess of ions and water, thus avoiding collapse of the vacuolar proton gradient due to proton depletion. By pumping out H + coupled with Na + influx, Nhx1p serves to alkalinize the endosomal and vacuolar lumen (Hirata et al., 2002) . Thus, both V-ATPase and Nhx1p participate in normal pH homeostasis.
Calcineurin plays a critical role in responding to Na + stress (Yoshimoto et al., 2002) . The calcineurin mutant cnb1 exhibits defects in down-regulating intracellular Na + levels and is sensitive to Na + stress, but not to K + , Ca 2+ or Mg 2+ (Nakamura et al., 1993; Mendoza et al., 1994) . Consistent with this, over-expression of calcineurin mimics a Na + stress signal (Mendoza et al., 1996) . Therefore, increased expression of genes encoding calcineurin (CNA1, CNA2 and CNB1) in crd1Δ is most likely an indication of intracellular Na + stress. As calcineurin is reported to control sodium homeostasis by both promoting Na + efflux and repressing Na + influx (Mendoza et al., 1996) , increased CNA1, CNA2 and CNB1 expression may be feedback compensation in response to the putative internal Na + stress in crd1Δ. In addition, calcineurin inhibits VCX1-dependent H + /Ca 2+ exchange that may contribute to vacuolar defects in crd1Δ. The exacerbation of defective colony formation of crd1Δ by cnb1Δ suggests that increased expression of calcineurin genes is required for alleviating ion stress in crd1Δ at elevated temperature. However, increased calcineurin expression is not sufficient to attenuate excessive cellular and vacuolar uptake of ions, which can be brought about by deletion of NHX1. Interestingly, cnb1 and vma mutants are synthetically lethal (Garrett-Engele et al., 1995; Tanida et al., 1995) , which underscores the important role of calcineurin and V-ATPase in Ca 2+ homeostasis (Tanida et al., 1995; Forster and Kane, 2000) . It is possible that the exacerbation of defective growth of crd1Δcnb1Δ is due in part to defective Ca 2+ homeostasis, although crd1Δ does not lose V-ATPase activity completely.
The mechanism whereby 1 M sorbitol restores vacuolar acidification in crd1Δ is not clear. A clue to this mechanism may derive from the fact that phenotypes in crd1Δ resemble those of mutants of FAB1, which encodes a lipid kinase that converts phosphatidylinositol 3-phosphate (PtdIns3P) to phosphatidylinositol 3,5-bisphosphate (PtdIns(3,5)P 2 ). PtdIns(3,5)P 2 plays an important role in cellular adaptation to extracellular osmolarity (Cooke et al., 1998) . The levels of PtdIns(3,5)P 2 rise dramatically in response to osmotic stress, signaling a protective response (Dove et al., 1997; Bonangelino et al., 2002) . Basal levels of PtdIns(3,5)P 2 are essential for maintenance of vacuolar morphology and acidification (Efe et al., 2005) . Hyperosmotic stress causes shrunken and fragmented vacuoles due to increased PtdIns(3,5)P 2 synthesis (Bonangelino et al., 2002) . In the fab1 mutant, PtdIns(3,5)P 2 is not detectable in vivo, and cells display pleiotropic phenotypes similar to those of the crd1Δ mutant, including a dramatically enlarged vacuole, loss of vacuolar acidification and decreased growth at high temperature, phenotypes that are not restored by increased osmolarity (Yamamoto et al., 1995; Gary et al., 1998) (Bonangelino et al., 2002) . Thus, it is tempting to speculate that the mutant phenotypes of crd1Δ are due to defective PtdIns(3,5)P 2 synthesis, which is restored by 1 M sorbitol. Arguing against this possibility is the observation that expression of FAB1 pathway genes, including FAB1, VAC7, VAC14, VPS15, VPS34, FIG4 and ATG18 is not altered in crd1Δ (Supplementary Figure S4) . However, much of the regulation of these proteins is post-translational, so altered activity of the FAB1
pathway cannot be ruled out.
In summary, we demonstrate for the first time that the absence of CL leads to severe vacuolar defects at elevated temperature. The yeast vacuole is analogous to the mammalian lysosome and plays an important role in ion and water homeostasis, storage of phosphate and amino acids, and protein turnover (Klionsky et al., 1990; Wickner and Haas, 2000; Weisman, 2003) . Rapid changes in shape, volume and number of vacuoles are critical to ensure an immediate response to environmental variation (Klionsky et al., 1990; Latterich and Watson, 1993) . The establishment and maintenance of vacuolar acidification are achieved by the V-ATPase, which is required for optimal proteolytic activation, protein sorting and ion homeostasis (Graham et al., 2003; Kane, 2006) . Impaired V-ATPase activity and mis-regulation of ion homeostasis in crd1Δ indicate that a novel mitochondria-vacuole signaling pathway is mediated by the synthesis of CL. Our findings expand the understanding of essential cellular functions of CL and point to a regulatory role of mitochondria in vacuolar functions.
MATERIALS AND METHODS
Yeast strains, growth media and growth condition
The S. cerevisiae strains used in this work are listed in Table 1 The deletion mutants were constructed as follows. The entire open reading frame of the target gene was replaced by KanMX4 using PCR-mediated homologous recombination in the wild type strain. The KanMX4 cassette was amplified from pUG6 using primers consisting of 50 nucleotides identical to the target gene flanking regions at the 5' end and 21 nucleotides for the amplification of the KanMX4 gene at the 3' end.
The PCR product was transformed into the wild type strain, and transformants were selected on YPD media containing G418 (200 μg/ml). Disruption of the target gene was confirmed by PCR using primers against the target gene coding sequences.
Plasmid construction
To construct an RTG2-overexpressing plasmid, a 1775-bp sequence containing the entire open reading frame of RTG2 was amplified from yeast genomic DNA using SacI-tagged primer 18RTG2-f (5'-AAAGTGGAGCTCTGCCACAAATGTCAACACTTA-3') and
BamHI-tagged primer 18RTG2-r (5'-GACTAGGGATCCTTATTCTTCATAAAATTGCACGC-3'). The PCR products were ligated to pYPGK18 (2μm, LEU2) cut with SacI and BamHI, downstream of the PGK1
promoter.
Fluorescence and microscopic analysis
All microscopy was performed using an Olympus BX41 epifluorescence microscope.
Images were acquired using an Olympus Q-Color3 digital CCD camera operated by QCapture2 software. Pictures in the same pattern were taken at the same magnification (1000 X).
To visualize vacuolar morphology in vivo, yeast cells were labeled with FM4-64 (Molecular Probes) as previously described with a few modifications (Vida and Emr, 1995) . Mid-log phase cells were harvested and resuspended in fresh media to an optical density A 550 of 1.0. FM4-64 was then added to a final concentration of 16 μM. After incubation with FM4-64 at room temperature for 15-30 minutes, cells were washed twice with fresh media and viewed with fluorescence microscopy.
To assess vacuole acidification in vivo, yeast cells were stained with quinacrine as described by Weisman et al. (1987) with minor modifications. Yeast cells grown to the mid-log phase were harvested by centrifugation at 2000g. Quinacrine was added to a final concentration of 200 μM to cells resuspended in YPD buffered at pH 7.6. Cells were incubated at room temperature for 5 min, and washed with 50 mM PBS containing 2% glucose (pH 7.6). Cells were examined immediately under the fluorescence microscope using an Olympus BX41 NIB filter.
Isolation and analysis of vacuolar vesicles
Wild-type and mutant cells were grown overnight in YPD at 30°C to early log phase. For biochemical comparison of wild-type and crd1∆ mutant vacuoles at 30°C, vacuolar vesicles were then isolated from the cells as described previously (Roberts et al., 1991) .
In order to determine the effects of a shift to 37°C, the overnight cultures were diluted into pre-warmed YPD medium and growth at 37°C was continued for 3.5 hrs. (At this time, enlarged vacuoles had begun to appear in the crd1∆ mutant strain, and the diluted cultures were at a growth phase comparable to that used for isolation of vacuolar vesicles from cells maintained at 30°C.) Cells were then converted to spheroplasts and vacuolar vesicles were isolated by Ficoll gradient centrifugation as described (Roberts et al., 1991) , except that recovery of the spheroplasts before lysis was carried out by incubating the cells in YPD containing 1.2 M sorbitol at 37°C for 20 min rather than 30°C. Vacuolar vesicles were assayed for ATPase activity, and the activity sensitive to 200 nM concanamycin A was taken as V-ATPase activity. Proton pumping was assayed by the ACMA (9-amino-6-chloro-2-methoxyacridine) fluorescence quenching assay as described (Liu et al., 2005) ; pumping was initiated by addition of ATP and Mg 2+ to final concentrations of 0.5 mM and 1 mM, respectively, and reversed after addition of 200 nM concanamycin A. Total vacuolar protein was measured by Lowry assay.
Levels of V-ATPase V 1 subunits A and B, V-ATPase V 0 subunit a, and ALP in isolated vacuolar vesicles were compared by immunoblot as described (Kane et al., 20 1992) . Vesicles were solubilized and equivalent amounts of total vacuolar vesicle protein from each strain and condition (5 g for detection of the V-ATPase A and B subunits and 10 g for detection of the V-ATPase a subunit and ALP) were separated by SDSpolyacrylamide gel electrophoresis, and transferred to nitrocellulose. V 1 subunits A and B
were detected by mouse monoclonal antibodies 8B1 and 13D11, and V 0 subunit a was recognized by monoclonal antibody 10D7 (Kane et al., 1992) . ALP was detected by monoclonal antibody 1D3 (obtained from Invitrogen/Molecular Probes). All of the primary antibodies were visualized using alkaline phosphatase-conjugated goat antimouse secondary antibody (Promega) followed by colorimetric development.
Real-time PCR
Yeast cultures (10 ml) were grown to the early stationary phase, cells were harvested, and total RNA was isolated using the RNeasy Mini Kit (Qiagen). The RNA samples were treated with DNase from a DNA-free Kit (Ambion) to remove contaminating genomic DNA. cDNAs were synthesized with a Reverse-iT 1st Strand Synthesis Kit (ABgene) according to the manufacturer's protocol. Real-time PCR reactions were performed in a 50 μl volume using ABsolute QPCR SYBR Green Mix (ABgene) in a 96-well plate.
Duplicates for each sample were included for each reaction. The real-time PCR primers used are listed in Table 2 and Supplementary Table S1 . ACT1 was used as the internal control and the RNA level of the gene of interest was normalized to ACT1 levels. PCR reactions were initiated at 95°C for 10 min for denaturation followed by 40-cycles consisting of 30 sec at 95°C and 60 sec at 57°C. 3-52, lys2-801, ade2-101, trp1∆1 , his3∆200, leu2∆1 (Jiang et al., 1997) FGY3 ρ° rho° mutant derived from FGY3 (Zhong et al., 2005) FGY2 MAT α, ura 3-52, lys2-801, ade2-101, trp1∆1, his3∆200, leu2∆1, crd1∆ This study pYPGK18 2μm, LEU2 (Vaz et al., 2003) PYPGK18-RTG2 derivative of pYPGK18, expresses RTG2 from PGK1 promoter This study 
21
